Abstract-Simultaneous data acquisition by the Landsat-4 Thematic Mapper (TM) and the Multispectral Scanner (MSS) permits the comparison of the two types of image data with respect to engineering performance and data applications. In this paper the "information" contained in data from the visible and near-IR channels is evaluated for five agricultural scenes, leading to the conclusion that the TM provides a significant advance in information gathering capability as expressed in terms of bits per pixel or bits per unit area. The six reflective channels of the TM acquire 18 bits of information per pixel out of a possible 6 X (8 bits) = 48 bits, while the four MSS channels acquire 10 bits of information per pixel out of a possible 4 X (7 bits) = 28 bits. Thus the TM and MSS are equally efficient in gathering information (18/48 10/28), contrary to the expected tendency toward lower efficiency as spatial resolution is improved and spectral channels are added to an observing system. The result is attributed to: 1) Superior selection of spectral channels in the TM; 2) Higher precision of the TM data, i.e., lower system noise, and 3) the advantage of higher spatial resolution, even in agricultural areas where fields are larger than the MSS pixel size.
I. INTRODUCTION THE LAST decade has seen a steady increase in the capability to monitor the earth's surface from satellite platforms. Systems now available or soon to be launched represent a range in data gathering ability from half hourly observations at 8-km spatial resolution by the geostationary satellites, to the 10-m resolution at 26 day intervals from the SPOT satellite, which will be launched in 1985. These developments of instrumentation must now be considered in the context of the possible commercialization of space systems. Thus the satellite data user should select his data with many variables in mind, including cost. In this selection a primary consideration must be the scientific utility of the data, and its significance relative to alternative data sources. This study provides a statistical comparison of simultaneously acquired data from the Landsat-4 Thematic Mapper (TM) and the Multispectral Scanner (MSS) for 5 scenes acquired over agricultural areas.
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ancy of spatial resolution and the number and location of the spectral channels, etc., among previous satellites; and 2) the impossibility of obtaining data sets representing exactly the same location at exactly the same time from a common viewing perspective. The second reason is eliminated completely in the data sets acquired simultaneously from the Landsat-4 Thematic Mapper and Multispectral Scanner. Such scenes permit an unambiguous comparison of the information acquired at 30-m resolution in 6 spectral channels by TM with that acquired at 80-m resolution in 4 channels by the MSS.
It is not possible to provide a direct comparison of the two sensors for all applications of the data, as this will require specialized studies in each specific technical area. In this paper the data sets are compared for their information content, where the word "entropy" is sometimes used in place of information, despite the fact that the historical meaning of entropy is rather different. Since the distinction is important in the consideration of satellite systems, the physicist's concept of entropy will be given. The original use and definition of the word entropy dates to the 1850's, when Clausius and Kelvin evaluated the mechanical work which could be extracted by a heat engine from a working fluid such as steam. This definition of entropy is S f q (Joules/K) where dq is an increment of energy and T is temperature in degrees Kelvin. This definition pertains to a reversible process, with a more general thermodynamic formulation applying for irreversible processes. By the 1930's the quantum mechanics introduced new concepts which required a generalization of the definition of entropy. This generalization was developed within the framework of statistical mechanics [7] , leading to the definition S= -kE p ln pi (Joules/K) (1) where k = 1.38 X 10-23 JIK is Boltzmann's constant, and the Pi are associated with the energy states of the physical system. For a brief yet complete description see Kittel [8] .
In the context of satellite observations, entropy is concerned with the difference in energy between a "0" and a "1," where it is of great importance to ensure that electrical crosstalk, effects of cosmic rays, thermal fluctuations, etc., do not alter in In this paper information is used in the sense of the classic papers on the subject developed by Shannon [1] . "Information," corresponding to statistical variability, is defined as H= -Pilog2 Pi (bits) (2) where pi is the probability of a specific numerical value i in a series of measurements. This definition applies to both continuous and discrete (integer) data, but is commonly applied to digital data in the development of communication systems. Note the difference of the logarithms in (1) and (2) , and the fact that the physicist's entropy is associated with energy. Fig.  1 when multiple data channels are considered, as in the case of multispectral image data. Information corresponds to interchannel variability. For example, if measured values in two spectral channels are known to be equal, the second carries no information and may be eliminated from the data set. Such redundancy is dealt with in this paper through the principal components transformation [3] , in which a linear transformation of variables yields a more efficient and compact representation of the original data set. A further reduction in information content is implied if temporal or spatial correlation exists in the data stream, e.g., from sample to sample along an image line. Fig. 3 demonstrates this correlation in an idealized fashion; the graph approximates a portion of a scan line in the Imperial Valley of California, where field sizes are quite large (Fig. 4) . Fig. 3 also illustrates the coding procedure called run-length encoding, in which the data value is followed by its repetition factor. The principles described above have been summarized and applied to some image data sets, including Landsat, by Gonzalez and Wintz [4] and others [5] , [6] , to which we refer the reader. The information content of the reflective channels of Landsat-4 is considered in Section II.
The Thematic Mapper carries an additional channel in the thermal infrared (10.4-12.5) micrometers. This channel has no counterpart in the MSS. These data are acquired at 120-m resolution, instead of the 30 m of the other 6 TM channels. In addition this spectral interval responds to different physical influences, and may produce misleading conclusions if lumped together with the 6 reflected channels, as has been illustrated with thermal IR data from Landsat-3 [9] . For The analysis is based on 5 matching scenes acquired by Landsat-4 during its early months of operation. Table I lists the locations, dates, and scene numbers for the respective (July 16, 1982) , and the degradation of the power system which prevented paired scene acquisitions during the middle of 1983. It now appears that this was favorable for the objectives of this study, as the variability represented in the scenes in Table I is greater than would occur in mid-summer, when agricultural areas become a sea of green vegetation.
As with many geophysical data the variability and hence the information content of the Landsat data is dependent on both the geography of the specific region, and on the size of the area in question. If the size of the region is held constant, one expects to find greater information per unit area in a heterogeneous area, such as a city, or a finely divided agricultural area within China or India, than in a uniform region such as a desert or a grassy plain. Thus for the comparison of MSS and TM it is important to select matching areas.
On the other hand it is evident that information content (bits/area) will increase as larger and larger areas are considered.
Thus if one begins with a modest size agricultural area and steadily expands the size of the area evaluated, this area will ultimately include mountains, deserts, forested equatorial regions, oceans, polar ice, etc. This increasing geographical diversity will produce a corresponding growth of the variance of the data, and a resulting increase of information content. Thus as a practical matter one must select a fixed area, whether large or small, in comparing the capabilities of the Landsat-4 TM and MSS. The computed values of H apply strictly only to the size areas which were used in the computation.
In the present analysis matching areas were selected representing 256 X 256 pixels for the MSS, and 512 X 512 pixels for the Thematic Mapper. Since the MSS data are acquired at 80-m spatial resolution, but processed to 57 m, the resulting data are not completely equivalent at a 2: 1 ratio to the 28.5--m resolution of the processed TM data. Comparison of the TM with the MSS "A" data (calibrated, but not resampled), instead of the "P" data (calibrated and resampled during geometric rectification) could be done in principle, but other differences between TM and MSS such as precision (8 bit versus 6 bit digitation), etc., also complicate the whole issue. In this paper each subarea corresponds to a square 14.6 km on a side, or 21 300 hectares.
For historical reasons the NASA nomenclature for the order of the TM spectral bands is out of sequence. Thus in the NASA ordering the sequence (1, 2,-* , 6, 7) corresponds to wavelength values described roughly as 0.4, 0.5, 0.6, 0.8, 1.5, 11., and 2.2 micrometers, i.e., bands 6 and 7 are out of order. In this paper we shall refer to the bands in logical order (L), so that NASA bands 6 and 7 become L7 and L6, respectively. In this section band L7, the thermal infrared band, is omitted from the analysis because it represents a different physical regime. Table II presents the comparison of the information content representing the average of three subareas from each of the 5 scenes. The values are for the calibrated data as provided on user tapes. Some variation from area to area is noticeable within the three subareas of each scene, as would be expected.
These values compare with a possible 8 bits per channel from the TM and 7 bits per channel from the MSS. The MSS data are transmitted as 6 bit data, then "decompressed," meaning that the range of values 0-63 is mapped through a nonlinear lookup table to the range 0-127. Examination of histograms of the MSS data shows that detector to detector variations produce calibration differences which cause shifts in the lookup tables. The result is to fill in most holes in the histograms which would be expected from the simple 1-1 mapping, so the data appear to have 7-bit precision.
The fact that all values of H are less than the theoretical limit is expected because the saturation radiances for both systems are set well above levels for typical ground reflectances, even for high solar incidence angles. The scenes discussed here are from summer and fall seasons, but from latitudes some 20-40 degrees north of maximum insolation. Data values for MSS and TM fall generally in the lower half of the possible range, representing a corresponding decrease from theoretically attainable information values. Bright clouds would greatly increase the values of H. Of course such data are not useful for land applications, and the few clouds present in these scenes were avoided during selection of subareas.
If all other factors were equal one would expect the TM data to carry roughly 1 bit per spectral channel more than the MSS data, since the TM data sampled to 8 bit precision, and the MSS data after decompression represent 7 bit data. Simple arithmetic shows that this relationship is approximately valid.
A single feature stands out in the results expressed in Table  I : TM bands 5 and L6 are superior to the shorter wavelength bands 1, 2 and 3, in that they have a higher information content. This is a key factor in the conclusion to be developed; the TM represents a substantial improvement over the MSS. At the next level of analysis it is appropriate to compute the redundancy among spectral channels on a pixel by pixel basis. This has been carried out through a principal components analysis of the data for each of the 15 subareas. The procedure forms linear combinations of the measurements (xl, x2, *. , x6) such that the rotated axes are aligned with the statistically independent components of variability in the data.
The resulting values of information content are presented in Table III , with the conventional ordering such that the first of the transformed vectors corresponds to the greatest variability, the second to the second greatest, etc. The transformation matrices are not required for the present discussion. It must be emphasized that the new variables are not related in 1-1 fashion with the old x's, so that Table III cannot be compared   term by term with Table II . Obviously spectral redundancy exists in the data from both instruments. Comparing the mean of the sums from tables 2 and 3 it appears that about 5 bits of 29 represent redundance in the TM data, while about 3 bits in 17 are redundant in the MSS data. One would generally expect increased redundancy as more and more spectral channels are added. Examination of correlations among the TM channels shows that channels 5 and L6 are statistically relatively independent of channels 1-4 (Table IV) . This fact largely accounts for the high information content of the TM data, even after the principal components transformation. As a next step spatial redundancy of the data is considered. This effect may be estimated by use of the difference operator which replaces each value except the first of a sequence by its difference from the preceding value. Thus xi =Xi-Xiwhere i indicates the pixel number along a line. This replacement is called a delta transformation [4] . The information content of the differenced data is given in Table V . In some cases the differenced data for components 5 and 6 of TM and 3 and 4 of MSS have a larger information content than the A last factor must be considered in the estimation of the information content of data from the two instruments. This factor is noise, whether due to instrumentation and data processing, or to random variability in the reflectivity of the earth's surface. Even if this variability in the image data is due to true reflectivity variations at the earth's surface it carries no information if it is spatially disordered so that it has no interpretation. In such a case auxiliary ground truth data would be required to understand this spatial variability. In the present instance this effect is considered by subjective examination of the image data. Fig. 5 illustrates on of the test areas in the Iowa scene, as displayed with 5 bits of precision (32 gray levels). In Fig. 6 curs when classification is used to partition a region into a small number of gray levels corresponding to various types of land use. In Fig. 7 the same area is shown using the low 3 bits from the data. As the higher bits are discarded the image becomes more and more noisy, corresponding to random very small variations in the satellite observed reflectivity. This display method has been used to evaluate the number of the spectral components which appear physically meaningful in the TM and MSS data. The resulting conclusions are subjective, but plausible. The fourth principal component of the MSS data is unuseable, representing periodic noise which exists at low levels in the MSS data. This effect has been identified with noise in the spacecraft power supply. Similarly the sixth principal component of the TM data lacks structure, except for infrequent 5-20 pixel banding in locations near field boundaries. This effect is believed to be due to the line replacement algorithm which replaces data from failed detectors by that from an adjacent line. All other data appears to be "real" in at least one of the five scenes, i.e., to have spatial coherence which could, at least in principal, be identified with true surface variability. After deleting TM row 6 and MSS row 4 from Table V one concludes that the TM acquires about 18 bits of information per pixel, the MSS about 10. The final result of the comparison is expressed by computing the efficiency of the two instruments, as given by the ratio (bits of information)/(possible bits of information) X 100, where the possible values are 4 X (7 bits) for MSS, 6 X (8 bits) for TM. For the MSS this efficiency factor is (10/28) X 100 = 36 percent, while for the TM the value is (18/48) X 100 = 38 percent. Data from both instruments could be compressed by a factor greater than 2. The ratios are essentially equal, so the efficiency of information collection is equivalent for the two instruments.
The conclusion is more favorable to the TM than expected. Generally the MSS has adequate spatial resolution to resolve most fields in representative agricultural areas. One would expect the TM to provide only a limited increase in information per pixel or per unit area because of the small number of mixed pixels which occur at field boundaries as a fraction of the total area of a scene. Evidently the effect is substantial.
Similarly because of interchannel correlations one would expect the additional spectral channels of the TM to augment only slightly the information contained in the MSS channels. The strong variability of the new channels 5 and L6, and their independence from channels 1-4, explains the substantial information gain in the 6 channels of the TM. Finally the higher precision of the TM at 8 bits per channel is justified by scrutiny of the low order bits of the data as transformed to principal components. The increase in the potential utility of TM data compared to MSS is proportional to the improvement in engineering specifications.
III. EVALUATION OF THERMAL INFRARED DATA
Band L7 of the Thematic Mapper acquires data in the thermal infrared (10.5-12.5) micrometers, at 120-m spatial resolution. This wavelength range represents principally radiation emitted from the earth's surface or from clouds in the field of view, rather than reflected solar radiation. Due to the T42 dependence of radiation at this wavelength [11] the data relate directly to the earth's surface temperature as modified slightly by atmospheric effects [12] . The behavior of surface temperature is not described by a single physical parameter, as it results from a balance of the energy fluxes of radiation, sensible heat transfer to the atmosphere, the latent heat flux of evaporation and the exchange of heat with the ground. The most straightforward technique for analyzing thermal IR data is to model the temperature behavior of the earth's surface as a function of meteorological factors such as air temperature, relative humidity, windspeed, etc., and as a function of characteristics of the surface itself. It has been shown previously [13] , [14] , [15] that two parameters are responsible for most variability of surface temperature: the first is surface moistness, here called moisture availability, which affects the rate of surface evaporation and hence influences the 24-h mean of surface temperature; and second is diurnal heat capacity, representing the heat storing capacity of a near surface layer of the ground, which largely determines the amplitude of the daynight temperature variation. Physically, the moisture avail- Capacity Mapping Mission (HCMM), a satellite with the observation times optimized for estimating surface characteristics and energy balance. By locating the intersection of the appropriate day and night temperature curves in the figure, one determines the corresponding values of moisture availability and diurnal heat capacity which produced the observed temperatures. These curves were produced from meteorological data from Spokane, Washington, in July 1978, corresponding to data acquisition by the HCMM. Because the TM thermal IR data have no unambiguous theoretical interpretation they appear to be best suited for mapping of temperature variations of water bodies, especially in the neighborhood of power plants, because these water temperatures are scarcely affected by the diurnal cycle, and for inference of localized temperature anomolies, as may be found in industrialized areas.
IV. CONCLUSION
In Sections II and III the information content of the TM and MSS have been compared, the reflective channels, TM l-L6, and MSS 1-4, by direct computation, the L7 channel of TM by consideration of analytic procedures for evaluating thermal IR data. The hypothesis that the TM is significantly better than the MSS in a statistical sense may be considered as verified. To demonstrate that the TM's increased information, in the technical sense as used here, leads to a corresponding increase in practical or cognitive information, is a task that must be addressed by each discipline and by each user of the data. Simple examination of photographic products and manipulation and display of image data suggests that the utility of the TM data will indeed be far greater than that of the MSS.
Unfortunately, the comparison cannot end at this point for the user community. Satellite data are acquired on a continuing basis, and the user must consider the cost of a data set, and the frequency of observations as they pertain to this application. While the capabilities of the TM are outstanding, the 16 day repeat cycle of observations is rather long. Considerations of data cost and coverage frequency suggest that two or more multispectral scanners are a plausible alternative for assessment of agricultural conditions on a regional or national scale. For some applications the 9-day repeat cycle once available previously from two Landsats may be a minimum requirement [16] , [17] . Further study and comparison of TM and MSS is clearly desirable.
The approach used here should facilitate evaluation of future remote sensing systems, since the difficult tradeoffs between user needs and instrumental design can be addressed at a more quantitative level. Engineering design should minimize redundancy and maximize information content versus system cost. Data users may evaluate the utility of each bit of information versus their applications requirements.
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